Summary.
The innervation of the periodontal ligament in hamster incisors was investigated by means of immunohistochemistry for nervous-specific proteins and electron microscopy.
The lingual periodontal ligament was found to be exclusively innervated by Ruffini endings which appeared to be most developed in this species among rodents; the labial periodontal ligament lacked them. The Ruffini endings occupied the alveolar half of the periodontal ligament, being intertwined with transverse collagen fibers. In electron microscopy, the Ruffini endings displayed expanded axon terminals filled with large-sized mitochondria.
Three-dimensional reconstructions of the Ruffini endings at the electron microscopic level revealed complicated shapes for the axon terminals and a characteristic relationship with the associated terminal Schwann cells. The axon terminals were plate-or knob-shaped, the former being predominant. Each axon terminal was covered by thick Schwann sheaths derived from more than two terminal Schwann cells whose cell bodies were located apart from the axon terminals and contained a developed Golgi apparatus and rough endoplasmic reticulum.
On the other hand, each terminal Schwann cell simultaneously extended their cytoplasmic processes to several axon terminals just like astrocytes. The thick Schwann sheath, for the most part, was covered by a multiple layer of basal lamina.
These findings have aided us in understanding the entire structure of the periodontal Ruffini endings.
The periodontal ligament, richly innervated, functions as a sensory receptor. It is believed that the periodontal ligament receives mechanical stimuli to the teeth, and induces various oral reflexes that make regular and smooth mastication possible (cf. HAN-NAM, 1982) . Although many physiological experiments have been performed to clarify the properties of the periodontal sensory receptor, morphological information on it has been meager (for reviews, VAN DEN STEENBERGHE, 1979; SCHROEDER, 1986) .
Our immunohistochemical and electron microscopic studies on the innervation of periodontal ligament have demonstrated a characteristic distribution of nervous elements in rodent incisors. It was thus demonstrated that the lingual periodontal ligament was exclusively innervated by Ruffini endings which belong to the category of stretch mechanoreceptors, whereas the labial periodontal ligament lacks this type of nerve terminals (SATO et al., 1988 (SATO et al., , 1989 . Thus, the incisors of rodents have been shown to be a useful material for analyzing the mechanism of periodontal sensation both physiologically and morphologically. The ultrastructure of the periodontal Ruffini endings is characterized by expanded axon terminals containing a large number of mitochondria having a close relationship to surrounding collagen fibers (BEERTSEN et al., 1974; EVERTS et al., 1977; BERKOVITZ and SHORE, 1978; BYERS, 1985; MAEDA et al., 1989) . Our recent immunohistochemical studies showed that, in rat incisors, the cells specifically associated with the Ruflini endings could be regarded as terminal Schwann cells on the basis of their intense immunoreactivity for S-100 protein, a glia-specific protein. We further suggested that they might play an important role in supporting the Ruflini endings (MAEDA et al., 1989 (MAEDA et al., , 1990a The present immunohistochemical and electron microscopic study deals with the innervation of the periodontal ligament in hamster incisors, with special reference to the ultrastructure of the Ruffini endings. Our preliminary study indicated that the periodontal ligament of the incisors in this species contain the most developed Ruffini endings among rodents (SATO et al., 1989) . Since a three-dimensional analysis is needed to understand the complicated entirety of the Ruffini endings, we applied a computerized reconstruction method in the present study, focusing on a topographical relation between axon terminals and terminal Schwann cells.
MATERIALS AND METHODS

Animals
Adult golden hamsters, weighing about 75 g, were used in this study. Under anesthesia with sodium pentobarbiturate (20mg/kg body weight), the animals were perfused through the ascending aorta with Ringer's solution and then with the fixatives mentioned below. The mandibles were removed immediately after perfusion fixation and immersed en bloc in the same fixative for 6h.
Immunohistochemistry for neurofilament Protein (NFP) and S-100 protein For immunohistochemistry, ten hamsters were perfused with Bouin's fluid. Fixed materials were decalcified with Plank-Rychlo's solution for 3 days at 4t as previously reported (MAEDA et al., 1986) . The specimens were rapidly frozen in liquid nitrogen and were sagittally cut at a thickness of 20-40um with a freezing microtome. Floating sections were processed for the peroxidase-antiperoxidase (PAP) method according to STERNBERGER (1979) . Endogenous peroxidase was inactivated by treatment with 0.3% H2O2 in absolute methanol for 10min. The sections were incubated overnight at room temperature with either NFP or S-100 antiserum, which were both diluted to 1:1,500. The detailed characterization of the antisera used in this study has been previously described (MASUDA et al., 1983; MAEDA et al., 1986) .
The specificity of the immunoreactions was tested by use of antisera preincubated overnight at 4C with the corresponding antigens (10ug/ml diluted antiserum). The antigen-absorbed antisera did not stain any cellular elements.
Transmission electron microscopy An additional fifteen hamsters were perfused with 2.5% glutaraldehyde in 0.05M cacodylate buffer (pH 7.4) containing 0.5% sucrose. Their mandibles were removed and immersed overnight in the same fixative. After fixation, the specimens were decalcified in a 0.1M solution of EDTA-2Na (ethylenediaminetetraacetic acid, disodium salt) for 2 weeks at room temperature.
Following decalcification, tissue blocks were thoroughly rinsed overnight in the same buffer solution and cut sagittally at a 500um thickness with a vibratome (Brunswick Co. Ltd.). The specimens were post-fixed in 1% osmium tetraoxide for 4h at 4C and dehydrated through a graded series of ethanol, and then embedded in Epon-812. Ultrathin sections were stained with both uranyl acetate and lead citrate. They were examined with an H-7000 transmission electron microscope (Hitachi Co. Ltd.).
Three-dimensional reconstruction by serial electron micrographs
After checking semithin Epon-sections under a light microscope, the objective area was cubically trimmed with a razor blade, rather than the ordinary trapezoid form (Fig, 1) . Serial ultrathin sections were prepared using a diamond knife with a ultramicrotome (Reichert-Nissei Ultracut N), and mounted on hole-meshes applied with polyvinyl formal film. They were stained with both uranyl acetate and lead citrate, and examined with a transmission electron microscope. Electron micrographs were taken at low magnifications (x1,000). Three-dimensional reconstruction was performed by using 20 electron micrographs at 1.0um intervals which were enlarged and printed on glossy papers; the total thickness of sections used for the reconstruction was approximately 20um. In the electron micrographs, both margins of each ultrathin section were adjusted to those of the micrographs. One corner was aligned with the origin for reconstruction, and the two margins were determined to X-and Y-axis, respectively (Fig. 1) . Several axon terminals of Ruffini endings were serially traced on a graph paper.
Information on the outline of the axon terminals and their Schwann sheaths was serially input into a Three-Dimensional Graphic Analytic System Cosmozone 2S (Nikon Co. Ltd.) based on three fiducial points for reconstruction. A surface-model from this system was selected for the diagrams to be displayed.
RESULTS
Immunohistochemistry
for NFP and S-100 protein NFP-immunoreactive nervous elements were clearly demonstrated in the periodontal ligament of the hamster incisors. The distribution pattern was essentially identical to that seen in the rat incisors in our previous studies (SATO et al., 1989) ; the nerves showing NFP-immunoreactivity were densely distributed in the lingual periodontal ligament, but sparsely scattered in the labial ligament. The NFP-positive thick nerve bundles entered the lingual periodontal ligament through slits in the alveolar bone at the middle region of the alveolar socket, and soon branched out. The individual nerve fibers were restricted to the alveolar half of the lingual periodontal ligament, designated the "alveolus -related part" by BEERTSEN et al. (1974) , and were never recognizable in the "tooth-related part" (Fig. 2) . They finally ramified in a dendritic fashion, each twig ending in an expanded form (Fig. 3) . The mode of termination and morphological features of the nerve corresponded to what is categorized as the Ruffini corpuscles. The periodontal Ruffini endings in the hamster were conspicuously dense in distribution and consisted of thick nerve elements, as compared with those in other rodents we have previously examined (cf. SATO et al., 1989) . Thus, among the rodents, they appeared to be most developed in the hamster.
On the other hand, the labial periodontal ligament was innervated exclusively by thin NFP-positive nerve fibers. Most of them ran parallel to the axis of the tooth, and terminated as free nerve endings within the collagen fibers. No specialized nerve terminals including Ruffini endings were recognizable in the labial periodontal ligament.
The distribution pattern of S-100-immunoreactive glial elements was similar to that of the NFPpositive nerves in the periodontal ligament, except that the S-100 antiserum produced nervous profiles thicker than the NFP antiserum (Fig. 4) . No lamellated nerve terminals, which should be immunoreactive for S-100 protein, were found in either lingual or labial periodontal ligaments.
Rounded cells showing S-100-immunoreactivity frequently occurred near the axon terminals of Ruffini endings in the lingual periodontal ligament (Fig. 4) . They were rich in cytoplasm and their nuclei were indented or ovoid in shape. The cytoplasm was intensely immunoreactive to the S-100 antiserum, while their nuclei were negative in reaction (Fig. 4) . These S-100-positive cells most probably correspond to the terminal Schwann cells which we previously reported on in the periodontal ligament of rat incisors (MAEDA et al., 1989) .
Electron microscopic observations of Ruffini endings
The Ruffini endings were easily identified under the electron microscope as expanded axon terminals filled with mitochondria in the lingual periodontal ligament (Fig. 5a ). The mitochondria in the axon terminals were comparatively large: their long axis often exceeded 3um. Their cristae were densely arranged, the mitochondrial matrix being dark in appearance (Fig. 5b) . The axon terminals further contained a large number of neurofilaments and neurotubules; no synaptic vesicles were recognized (Figs. 6a, b) .
The axon terminals of the Ruffini endings were frequently found to bifurcate among the collagen fibers; typical ones were U-shape (Fig. 9a ). They were covered by thick Schwann sheaths, and further surrounded by variable amounts of basal lamina. The Schwann sheath was not completely continuous, so that the axon terminals were partially exposed to the surrounding basal lamina through the slits of the Schwann sheath (Figs. 5b, 6a ). The exposed portions of the axon terminals frequently projected finger-like processes, measuring 1-3um in length and roughly 1pm in width. The major population of the finger-like projections did not directly contact the surrounding collagen bundles, because the collagen bundles were apart from the axon terminals. The layer of the basal lamina was multiply piled up around the Schwann covering. Noteworthily, the exposed portions of the axon terminals were covered only by an amorphous layer of basal lamina.
The periaxonal Schwann sheaths were, via a constricted neck, continuous to rounded cell bodies which were present in the vicinity of the axon terminals. Their rich cytoplasm contained a welldeveloped Golgi apparatus, and rough endoplasmic reticulum characterized by broad intracisternal spaces (Fig. 6b) . Judging from their appearance and localization, these cells corresponded to the terminal Schwann cells demonstrated by the immunohistochemistry for glia-specific S-100 protein. In most axon terminals, one axon was covered by the cytoplasmic extensions derived from two or, occasionally, more terminal Schwann cells (Figs. 7a, b) . The slits of the Schwann sheath mentioned above appeared to correspond to the points where different cells contacted. The cell bodies and processes of the terminal Schwann cells were rich in filamentous elements, which largely belonged to intermediate filaments in respect to their thickness. The terminal Schwann cells contained numerous caveolae along the cell membrane including the periaxonal region. Clear vesicles which were similar in size to the caveolae were also found in the cytoplasm.
Through our observations of the terminal Schwann cells, peculiar organelles composed of parallelarranged filamentous structures were often recognized both in the cell bodies (Fig. 8a ) and cytoplasmic extensions. These structures were characterized by cross-striated bands showing a regular periodicity of about 0.2um, with electron lucent bands being observed between electron dense ones (Fig. 8b) . They were usually located in the vicinity of the cell membrane, where numerous caveolae gathered.
Three-dimensional reconstruction of Ruffini endings
Computerized three-dimensional reconstruction using serial ultrathin sections succeeded in clarifying the shape of the axon terminals and their relationship to the terminal Schwann cells.
Figures 9a-c show electron micrographs of the serial sections of a Ruffini ending used for reconstruction. At the starting point (Fig. 9a) , two axon terminals (AT1, AT2+AT3) and two terminal Schwann cells (SC1, SC2) are observed; a Schwann covering indicated by arrowheads is confirmed in adjacent sections to be originating from another terminal Schwann cell. In the next figure (Fig. 9b) , the Ushaped axon terminal AT2+AT3 is separated into two parts; one of them, AT3, connects with the AT1 terminal. In the third figure (Fig. 9c) , the AT1+AT3 terminal is separated again, finally resulting in three separated axon terminals. the AT2 terminal -is designated a plate-type terminal. Axon terminals of this type are sandwiched between two comparatively thin Schwann sheaths, the edges (arrowheads) lacking a Schwann sheath and being exposed to the surrounding connective tissue. On the other hand, the axon terminal composed of the AT1 or AT3 represents an expanded form, which we call a knob-type. These two types of axon terminals are mingled in one Ruffini ending, the plate-type terminals being more numerous than the knob-type. Transitional forms of both types are often recognized.
The cell bodies of terminal Schwann cells were usually located apart from the axon terminals and connected with the periaxonal Schwann sheath via an elongated cytoplasm, like a polyp (Figs. 7a, b, 9a) . It was also revealed that each terminal Schwann cell extended several processes in different directions to be related to different axon terminals. Most of the slits of Schwann sheath were confirmed in the reconstructed model to be spaces between two different Schwann sheaths, some of them corresponding to gaps formed within one Schwann sheath.
The status of the relationship between the axon terminals and terminal Schwann cells of Ruffini endings clarified in the present study is illustrated in Figure 11 .
DISCUSSION
There has been much controversy over the morphology of the sensory nerve endings in the periodontal ligament. This may be due to the variety in the distribution and structure of the sensory receptors according to the type of teeth or animal species (cf. SCHROEDER, 1986) . Recent morphological studies on the periodontal innervation have demonstrated a consistent occurrence of Ruffini endings in the periodontal ligament of mammals (BYERS, 1985; SATO et al., 1988 SATO et al., , 1989 BYERS and DONE, 1989; MAEDA et al., 1989) . Immunohistochemical and ultrastructural studies by our research group have revealed its characteristic distribution in the periodontal ligament of rodent's incisors (SATO et al., 1988 (SATO et al., , 1989 MAEDA et al., 1989) . It was preliminarily shown that, among rodents the Ruffini endings were especially welldeveloped in the hamster (cf. SATO et al., 1989) . The present immunostaining with anti-N FP antiserum clearly demonstrated that Ruffini endings in the hamsters are densely distributed, elaborately arborized and composed of markedly thickened terminal twigs, all features which have not been recorded in any other rodents.
Immunohistochemistry for S-100 protein also demonstrated a dense distribution of terminal Schwann cells associated with the Ruffini endings in the hamster. This staining is known to specifically detect the Schwann cell element in lamellated nerve terminals such as Pacinian corpuscles (IWANAGA et al., 1982) . Although the periodontal ligament of the monkey (MAEDA, 1987) and human (MAEDA et al., 1990b) contain some lamellated nerve endings, no such corpuscles have been reported in the periodontal ligament of rodent's incisors except for a study by BERKOVITZ et al. (1983) (BYERS, 1985; SATO et al., 1988; MAEDA et al., 1989) . This immunohistochemical study also failed to find the 5-100 positive lamellated nerve terminals in either the lingual or labial periodontal ligaments of the hamster. These morphological studies thus suggest that the sensory receptors, or at least mechanoreceptors, in the periodontal ligament of rodents incisors are represented exclusively by the Ruffini endings. A previous physiological study has shown that a jaw-reflex is evoked more effectively by linguolabial pressure on the incisors than by labiolingual pressure (FUNAKOSHI and AMANO, 1974) . As the collagen fibers of the lingual periodontal ligament are always in a state of stretch during mastication, it is reasonable that Ruffini endings, a representative of stretch receptors (CHAMBERS et al., 1972) , are restricted to the lingual periodontal ligament.
The ultrastructures of Ruffini endings and associated cells in the periodontal ligament have been described only in incisors of the rat (MAEDA et al., 1989 (ANDRES and DURING, 1973) . On the other hand, each of the terminal Schwann cells simultaneously extended their cytoplasmic processes to several axon terminals, reminiscent of astrocytes. Another finding demonstrated by the present reconstruction study is that the major population of the axon terminals were flat, rather than knob or spindle in shape. The axon terminals are flattened by their being sandwiched between collagen bundles.
The mechanism of mechanoreception has been unclear in the periodontal Ruffini endings. The topographical relationship or the mode of contact between the Ruffini endings and surrounding collagen fibers is one of the important points concerning this problem. The axon terminals of Ruffini endings are generally believed to directly touch collagen fibers, so to react to the tension of the collagen fibers (ANDRES and DURING, 1973) . BYERS (1985) and MAEDA et al. (1989) found that fingerlike projections extended from the axon terminals into the collagen zone, and suggested that they might be involved in mechanoreception. However, electron microscopic observations in the present study failed to show a close structural relationship of the fingerlike projections to the collagen bundles. Since the conventional procedure of electron microscopy seems to be unsuited for observing collagen fibers, studies using tannic acid staining are in progress in our laboratory to clarify a possible junctional site between the axon terminals and collagen fibers.
The periodontal Ruffini endings possessed a very thick basal lamina, largely seen as a pile of multiple sheets, around the Schwann sheaths. As such a multiple layer of basal lamina has not been reported in the Ruffini endings of other tissues (ANDRES and DURING, 1973) , it seems to be characteristic of periodontal Ruffini endings (cf. BYERS, 1985; MAEDA et al., 1989) . Two differing possibilities might explain the lamellation of the basal lamina: first, the cells provide a multilayer of basal lamina to defend against intense and consistent mechanical stimulation (PIERCE and NAKANE, 1967; VRACKO, 1974) . Secondly, the lamellation may occur as cellular elements with the basal lamina continuously move against the connective tissue; the multiple layer of the basal lamina is caused by repeated secretion of basal lamina components after each layer is shifted. The periodontal Ruffini endings are constantly in a state of receiving intense masticatory force. The first idea is supported by our preliminary study on the development of periodontal Ruffini endings, demonstrating that the layer of basal lamina increased in thickness after the teeth commence occlusion (SATO et al., personal communication) . On the other hand, the periodontal collagen fibers are continuously reconstructed according to the growth of the incisors, suggesting that the Ruffini endings are exposed to the movement of collagen fibers. Therefore, the two ideas mentioned above both seem acceptable.
It is interesting that the cell bodies and cytoplasmic extensions of the terminal Schwann cells frequently revealed a cross-banding structure. This structure may correspond to leptomeric organelles observed in intrafusal muscle fibers of muscle spindles. In the periodontal ligament of rat incisors, BEERTSEN et al. (1974) briefly described the existence of a similar structure in the terminal Schwann cells, and thought that it might be related to tooth eruption. This idea is unacceptable because these leptomeric organelles are tiny, and contained exclusively in glial elements. As the terminal Schwann cell contains a large number of filamentous elements throughout the cytoplasm, it is interesting as to what kinds of filamentous elements organize the cross-striated structures. Previously, our research group tried immunohistochemical staining by use of antisera against actin, myosin, vimentin and GFAP, but no immunoreactivity was recognized in the terminal Schwann cells; therefore, the type and nature of filaments constituting the banding structure remain unknown.
